Background: Lipopolysaccharide (LPS), a lipoglycan from the outer membrane of Gram-negative bacteria, is an immunomodulatory molecule that stimulates the innate immune response. High levels of LPS cause excessive release of inflammatory mediators and are responsible for the septic shock syndrome. The interaction of LPS with its cognate binding proteins has not, as yet, been structurally elucidated.
Introduction
Lipopolysaccharide (LPS or endotoxin), a complex lipoglycan found exclusively in the outer membrane of Gramnegative bacteria [1] [2] [3] , is a potent activator of the innate (nonclonal) immune system [4, 5] . Low doses of LPS stimulate macrophages and neutrophils to produce cytokines and inflammatory mediators, thereby providing resistance to bacterial infections. High doses of LPS cause excessive release of inflammatory mediators and might lead to septic shock, a medical condition that is responsible for an estimated 200,000 deaths per year in the United States alone. Although some proteins have been identified as targets of LPS activity, detailed atomic interactions between the cognate residues on those targets and specific sites of LPS are unknown.
The objectives of our studies were to establish, using X-ray crystallography, the three-dimensional structure of LPS, to integrate LPS into the current model of the molecular architecture of the bacterial outer membrane (OM), and to identify characteristic patterns of protein-LPS interactions that derive from the crystal structure of a complex of LPS with an OM protein. Our target protein is FhuA, a ferric hydroxamate uptake receptor that is found on the surface of Escherichia coli.
FhuA belongs to a family of proteins that mediates the active transport of siderophores including ferrichrome into Gram-negative bacteria [6] . We recently solved [7] the crystal structure of FhuAs that were isolated from two strains of E. coli K-12: strain AW740 (2.5 Å resolution) and strain DL41 (2.7 Å). FhuA consists of a C-terminal β barrel formed by 22 antiparallel transmembrane β strands and an N-terminal cork that fills the barrel interior. During the course of model building and structural refinement, we observed additional electron density proximal to the membrane-embedded region of the barrel. This electron density was modeled as a single LPS molecule, tentatively using the most abundant E. coli K-12 LPS chemotype [8] .
LPS is composed of three covalently linked domains, which are differentiated by their genetic organization, biosynthetic pathways, chemical structures and biological features [8] . These domains are lipid A, a mostly invariant glycolipid that acts as an amphiphilic anchor in the OM ( Figure 1) ; the core, a variable non-repeating heterooligosaccharide; and O antigen, an immunogenic highly variable repeating polysaccharide that extends into the external medium. The chemical composition and conformation of lipid A are determinants of its endotoxic activity [9] . The Gram-negative bacterium E. coli K-12 has defects in the gene cluster responsible for the biosynthesis of O antigen; strains AW740 and DL41 therefore synthesize a truncated ('rough') form of LPS consisting of lipid A and the core only, whereas wild-type E. coli expresses the complete ('smooth') form. This paper details the molecular conformation of LPS and its interactions with surface residues of FhuA in the FhuA-LPS complex as obtained by compositional data, mass spectrometric analyses and crystallographic refinement, and reports a mode of protein-LPS interaction that appears to be shared by many LPS-binding proteins. 0) ], respectively. The 3-hydroxymyristate group is partially disordered in both complexes and could not be modeled beyond the fourth carbon atom. The inner core comprises two 3-deoxy-D-manno-oct-2-ulopyranosonic acid groups (Kdo I and Kdo II), three L-glycero-Dmanno-heptopyranose groups (Hep I, Hep II and Hep III) and phosphate residues. In AW740-LPS, Hep I is bisphosphorylated whereas in DL41-LPS, a 2-aminoethyl phosphate group is present. Hep II is monophosphorylated in both structures. The outer core of both LPS molecules consists of hexose moieties, including D-galactose (Gal), D-glucose (Glc) and a disordered fourth heptose group (Hep IV). Although Hep III, Hep IV and Glc III were chemically identified in both complexes, they could not be modeled. This figure was prepared using ISIS Draw. 
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Results and discussion
Given the lack of detailed chemical information about the LPS molecules in our FhuA-LPS complexes and the limited resolution of our electron-density maps, we conducted a complete chemical analysis of LPS extracted from the OM of E. coli strains AW740 and DL41 and of LPS derived from purified FhuA-LPS preparations. This information was used to model the ambiguous regions of the LPS molecules in our crystal structures. Our compositional and detailed mass spectrometric analyses of LPS from OM extracts of both bacterial strains and from protein preparations used for crystallization ( Figure 1 ) lead to complete crystallographic models of the LPS molecules ( Figure 2 ).
Structural refinements of the two FhuA-LPS complexes provide improved crystallographic R factors compared with those reported in [7] , and good matches to the electrondensity maps (Figure 2c ). For the FhuA-AW740-LPS complex, it was possible to complete the atomic model by including eight crystallographically visible glycerol and three detergent molecules. The temperature factors of all parts of the atomic models are at a high level; in both complex structures, average atomic B factors are around 66 Å 2 for the protein and lipid A, 70 Å 2 for the inner core and 96 Å 2 for the outer core of LPS. Detergent, glycerol (in the FhuA-AW740-LPS complex) and water molecules show average B factors around 90 Å 2 , 90 Å 2 and 60 Å 2 , respectively. Ferricrocin (in the FhuA-DL41-LPS-ferricrocin complex), at a B factor around 50 Å 2 , is bound to the cork domain and together with parts of the β strands is the most rigid part of the complexes (at average B factors slightly less than 50 Å 2 ). Despite the high average B factors, the models reside in good electron density, with the exception of a few surface-exposed sidechains at some of the outer loops. Our models of FhuA closely match (root mean square deviations [rmsds] of 0.5 Å for Cα atoms, 1.0 Å for all atoms) those obtained in an independant study [10] from an LPS-free crystal form.
In the crystallographic structure, the LPS molecule is closely associated with the FhuA barrel, burying an accessible surface area of 1800 Å 2 . Numerous van der Waals contacts with hydrophobic sidechains of FhuA fix all acyl chains of the bound LPS molecule, except for the 3-hydroxymyristate, in a highly ordered conformation, approximately parallel to the barrel axis ( Figure 2a ). In common with all OM proteins studied so far, FhuA has two girdles of aromatic residues that are 25 Å apart, extending into the lipid bilayer and marking the boundary of a cylindrical zone of hydrophobic residues on the barrel surface. These girdles were proposed to delineate the interface between the membrane lipids and the polar head groups of LPS. Indeed, we find the amide and ester bonds linking the acyl chains to the glucosamine disaccharide being situated slightly above the upper aromatic belt. In both FhuA-LPS complexes, the line connecting the O1 and O4′-phosphate moieties of lipid A is perpendicular to the barrel axis and thus parallel to the plane of the OM.
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Figure 2
Crystal structure of the FhuA-LPS complex. The view is the same as in (a). In all panels, the barrel surface of FhuA is colored blue. This figure and Figure 3 were prepared using MOLSCRIPT [21] and Raster3D [22] .
The outer core bends away from the barrel axis and is in contact neither with the barrel nor with the external surface-exposed loops of FhuA (Figure 2b ). The bend might be induced by a crystal contact between a phosphorylated heptose group of the inner core and the hexahistidine tag of a symmetry-related FhuA molecule.
Our findings are in general agreement with current models of the architecture of the OM [11] . The outer leaflet of the OM is the LPS monolayer, which contributes to the integrity of the Gram-negative cell envelope. Absence of O antigen does not alter the integrity of the OM [12] nor does absence of the outer core or the non-phosphorylated heptose residues of the inner core. Bacterial mutants with defects in the synthesis or incorporation of the phosphorylated heptose of the inner core (deep rough mutants) show hypersensitivity to lipophilic solutes. The phosphorylated heptose moieties of the inner core thus have an important role in stabilization of this part of the membrane.
In the OM of E. coli, electrostatic repulsions between adjacent, negatively charged LPS molecules are neutralized by divalent cations. Removal of these cations from the OM with chelating agents destabilizes the LPS monolayer by disrupting specific intermolecular LPS-LPS contacts [11] . The specific interaction of phosphates with positively charged groups on FhuA can serve as a model for the LPS-LPS interaction as promoted by divalent cations in the OM. Our finding of an alignment of the diglucosamine phosphate moieties in the plane of the OM is contrary to results based on small-angle X-ray scattering and molecular modeling [13] . The arrangement that we find offers an alternative mode of interaction between neighboring LPS molecules, predicting in-plane crosslinking of divalent cations and diglucosamine phosphates.
The innate immune response elicited against Gram-negative bacteria is not triggered by the intact OM, but by recognition of single LPS molecules, and involves specialized binding proteins and receptors [4, 5] . Given the atomic details of the interaction between FhuA and LPS, it was our goal to identify the arrangement of residues that are conserved among LPS-binding proteins.
In the FhuA-LPS complex, 11 charged or polar residues interact with the negatively charged phosphates of the inner core and the diglucosamine backbone of lipid A (Table 1 and Figure 2 ). These residues are responsible for the tight binding of LPS to FhuA, and we hypothesized that they constitute a conserved motif in LPS-binding proteins. They involve short discontinuous segments found on β strands 7-11. Most of the favourable interactions are contributed by a cluster of eight positively charged residues on the surface of the barrel, which interact by hydrogen bonding at distances around 3 Å, or electrostatically (Lys306 and Arg424) at longer distances. The electrostatic Coulomb potential of the latter residues might appear to provide little contribution to the overall binding enthalpy, however, it falls off only inversely proportional to distance, and their presence might be important for charge compensation in the binding site. Crystallographically visible water molecules, which would tend to weaken electrostatic interactions, are not found between the two residues and LPS.
Using a conventional sequence-based search with the LPS-interacting residues on FhuA, we did not identify Any sequence-or structure-based search strategy must find a compromise between high specificity (which avoids false positive matches), and high sensitivity (which avoids false negatives). The objective is to produce a high number of true matches on a low background of false positives. The 'proper' subset of residues detects those proteins that are known to interact specifically with LPS, but
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Figure 3
Stereoview of the FhuA LPS-binding site, perpendicular to the barrel axis. Selected FhuA sidechain residues that form specific and non-specific van der Waals contacts with the LPS molecule are colored in yellow. The outer barrel surface of FhuA is shown in blue. Those residues that compose the conserved LPS-binding motif are marked with an asterisk. The AW740-LPS molecule is shown as a stick model (oxygen atoms, red; nitrogen atoms, blue; phosphorous atoms, green; carbon atoms, gray). LPS-binding proteins and their LPS-binding residues identified by a structural search of the PDB. Rmsd is after superposition with equivalent residues in the LPS-binding motif of FhuA (bold). *The bactericidal/permeability-increasing (BPI) protein [23] [24] [25] [26] produced by polymorphonuclear neutrophils and targeted against endocytosed bacteria, has a functional role in LPS-binding and LPS detoxification. The crystallographic structure of BPI consists of two similar, extended domains. The four BPI residues are located at the distal tip of the N-terminal domain and a functional role in LPS-binding and LPS detoxification has been assigned to these highly conserved residues. Peptides derived from residues 17-45 and residues 65-99 of BPI inhibit the LPS-induced inflammatory response. † Lactoferrin [27] [28] [29] [30] [31] , an iron-binding glycoprotein found at mucosal surfaces and in biological fluids, is released from neutrophil granules during the LPS-induced inflammatory response. The crystallographic structure of human lactoferrin is composed of two related globular lobes. Two spatially distinct putative LPS-binding sites have been identified for lactoferrin: residues 2-4 in combination with residues 28-34 form the N-terminal high-affinity LPS-binding site. A second low-affinity LPS-binding site is present in the C-terminal lobe. Synthetic peptides containing residues 28-34 of lactoferrin are bactericidal against Gram-negative bacteria. ‡ Lysozyme [31, 32] , a cationic protein found in leukocyte polymorphonuclear granules, reduces the immunostimulatory activities of LPS. Detailed information about specific LPS-lysozyme interactions is not available. The crystallographic structures of several different lysozyme types have been solved: human lysozyme [33] , hen egg-white lysoyzme (C-type [34] ), goose egg-white lysozyme (G-type [35] ), and bacteriophage T4 lysozyme (V-type [36] ). Although these proteins share a common fold, sequence comparisons between lysozyme types reveal no significant similarity. § The Limulus antibacterial and anti-LPS factor (LALF) [37] [38] [39] inhibits the LPS-induced coagulation cascade by binding LPS and neutralizing its endotoxic effects. The crystallographic structure of LALF contains a cluster of positively charged residues found on an amphipathic loop and on the adjacent residues of the basic face of LALF. Some of these residues have been previously proposed, but not demonstrated to be involved in LPS binding. Synthetic cyclic peptides derived from residues 36-45 of LALF have been shown to bind and inhibit the LPS-induced immune response.
avoids matches with proteins that do not interact in vivo with LPS. Proteins with an LPS-binding motif similar to that on FhuA are expected to yield rmsds below 1.5 Å for those residues that form a common LPS-binding motif. This value corresponds to an average bond distance between atoms and thus ensures that chemically equivalent atoms of superimposed motifs occupy equivalent positions in space.
We constrained the structure-based searches to the eight positively charged (arginine or lysine) residues from Table 1 . Our rationale for this choice is the fact that positively charged residues are a priori more suitable for binding LPS, which has negatively charged phosphates and a number of carbohydrates with negative partial charges. Furthermore, positive charges are experimentally found to be a necessary requirement for the interaction of LPS with its natural environment, the outer membrane. Using all subsets consisting of five, six, seven or the complete set of these eight residues as search templates, no structural homologs with rmsds <1.5 Å were identified in the PDB. Searches conducted with three-residue subsets detected a high number of non-specific matches at rmsds <1.5 Å. All except one of the four-residue subsets detected a small number of matches in the PDB. That exception is the four-residue search template of FhuA residues Lys306, Lys351, Arg382 and Lys428, which identified a much larger group of matches at low rmsds. Three of these four residues form strong hydrogen bonds with the phosphates of lipid A (Table 1 and Figure 3 ). We therefore denote these four FhuA residues as the LPS-binding motif. Indeed, lipid A, the most conserved component of LPS, has a specific stereochemistry because of multiple asymmetric carbon atoms, and has been implicated in recognition by high-affinity LPS-binding proteins [8] .
Our structural search of the PDB using this LPS-binding motif identified membrane-associated proteins, bacterial toxins, colicins and ribonucleotide-binding proteins. Among the proteins identified using this subset of four residues are all those proteins (bactericidal/permeabilityincreasing protein BPI, lactoferrin, lysozyme, and Limulus anti-LPS factor LALF) in the PDB that are known to bind LPS specifically and that mediate the LPS-induced immune response. In all cases, the proposed LPS-binding sites found on these proteins are consistent with functional and mutational data ( Table 2 ). All residues of these LPS-binding sites are surface-exposed and docking of LPS to these proteins is possible without steric clashes. The four-residue subset thus represents an LPS-binding motif, which is remarkably conserved in proteins of procaryotic and eucaryotic origin.
Our data support the proposal [4, 5] that a conserved mode of LPS recognition by LPS-binding proteins is involved in the innate immune response. A consequence of this mechanism is that increased bacterial virulence in vivo should result from LPS modifications, as has been observed [14] . Although the structural scaffold of the fourresidue motif, which we identify, appears to be necessary for LPS binding, our findings do not currently allow us to investigate the individual roles of the four residues. Their respective importance, as well as the contribution of other residues in the individual binding sites of FhuA and other LPS-binding proteins, remains to be established using site-directed mutagenesis. With respect to the choice of residues from Table 1 for the superposition searches, we find that the exclusive use of positively charged residues appears justified by the fact that neither in BPI, nor in lactoferrin, lysozyme or LALF do we find residues equivalent to the residues of FhuA: Glu394, Gln353 or Asp386.
For those structurally known proteins identified by our search, as well as for new crystallographic structures, the four-residue LPS-binding motif of FhuA might readily be used both to map the LPS-binding site, and to model a complex with LPS. Such models might facilitate the rational design of proteins with modified LPS-binding properties.
Biological implications
Lipopolysaccharide (LPS) is the major component of the outer membrane of Gram-negative bacteria; as such, it is an important activator of the innate immune response. Its three-dimensional structure, alone or in complex with a protein, has hitherto not been elucidated in atomic detail. This work describes the crystallographic structure of its complex with FhuA, a ferric hydroxamate uptake receptor on the surface of Escherichia coli. The lipid A portion of LPS, which is its most invariant part, interacts specifically with positively charged residues on the outer surface of the β-barrel of FhuA.
A search through the database of known protein structures, using subsets of those residues identified in the LPS binding site of FhuA, identifies four residues the arrangement of which on the surface of known LPSbinding proteins is conserved. These residues appear to be the crucial elements of pattern recognition in the innate immune response.
The following applications of this knowledge are feasible. Known LPS-binding proteins might be altered for their binding properties: they could be engineered for higher or lower LPS-binding affinity. Recombinant proteins that compete with naturally occurring LPS-binding proteins and that lack immunostimulatory activities will be advantageous in the treatment of bacterial sepsis. Novel bactericidal proteins or peptides might be designed [15] to intercalate into the outer membrane by their binding to lipid A. Such binding would increase the permeability of the outer membrane and compromise its protective effect, and thereby kill bacterial cells.
Materials and methods
Chemical analysis
Compositional analysis of LPS extracted from the outer membranes of E. coli strains (AW740 and DL41), performed according to published methods [16] , identified constituents and their approximate molar ratios: Gal (1.0/1.0), Glc (2.6/2.5), GlcN (1.9/1.9), Hep (3.1/2.9), Kdo (2.0/1.9), rhamnose (trace amounts/0.3), phosphate (4.4/5.6) and 2-aminoethanol (0.2/0.6). The relatively low Hep content is most probably because of the phosphate substitutions linked to the Hep residues, which further stabilize their glycosidic linkages. The GlcN content demonstrated that there are no additional GlcN substitutions at the nonreducing terminus of the core.
Mass spectrometry
Matrix-assisted laser desorption ionization mass spectrometry including post source decay analysis were performed with the two-stage reflectron time-of-flight mass analyzer Bruker-Reflex III (details of the applied methods are described in [17] ). Spectra from membrane-extracted AW740-LPS and DL41-LPS displayed the expected heterogeneity for E. coli K-12 LPS (data not shown). A series of molecular ions differing in their phosphate and 2-aminoethyl phosphate substitutions were identified as various combinations of Kdo, Hep, hexose (Gal and Glc) and lipid A residues. The most abundant core oligosaccharide in both LPS extracts consists of two Kdo residues, four Hep residues, and four hexose residues and up to four phosphate residues in nonstoichiometric amounts. In contrast to AW740-LPS, DL41-LPS showed further heterogeneity arising from additional 2-aminoethyl phosphate groups.
X-ray crystallography
The structure of the FhuA-AW740-LPS complex was solved and initially refined at 2.50 Å resolution [7] . Following additional rounds of model building using the program O [18] and structural refinement with CNS [19] , the final model now contains residues 19-725, one LPS, three detergent (dimethyldecylamine-N-oxide, DDAO), eight glycerol and 244 water molecules (R cryst 22.1% and R free 27.1%).
This structure was used in the refinement of FhuA-DL41-LPS-ferricrocin complex at 2.70 Å resolution. The final model contains residues 19-725, one LPS, one ferricrocin and 152 water molecules (R cryst 23.1% and R free 27.6%). Because of the lower resolution, glycerol or detergent molecules were not included in the model.
All residues of both complexes except Asp454, which is in a periplasmic turn of high mobility, reside in generously allowed regions of the Ramachandran plot; 85% (FhuA-AW740-LPS) and 82% (FhuA-DL41-LPS-ferricrocin) of the residues are in most favoured regions.
The main differences between these models, compared with those reported previously [7] , are in the conformation and composition of the LPS molecules, and the modelling of detergent and glycerol molecules in the case of the FhuA-AW740-LPS crystals. Throughout this article we use the residue numbering of the wild-type FhuA sequence. The coordinates submitted to the PDB (1qff, FhuA-DL41-LPS-ferricrocin and 1qfg, FhuA-AW740-LPS) differ in their numbering because of the insertion of 11 residues of the His-tag after Pro405 (the sequence in this region has been corrected with respect to that given in [7] ).
Structural searches
After constructing a database from the PDB (status on January 25th, 1999) the program SPASM [20] was employed to superimpose subsets of the eight positively charged residues LPS-binding residues (Table 1 ) upon all deposited crystallographic protein structures. Motivated by a comparison of the LPS-binding site of our FhuA models and the LPS-free FhuA from Locher et al. [10] , the sidechains of all residues were truncated beyond the Cγ atom because the conformation of those residues that compose the LPS-binding motif can be expected to differ in the LPS-bound and the LPS-free form. SPASM uses a fast search procedure based on differences between atomic positions. Neither chain directionality nor gap size constraints were imposed, and only Lys-Arg substitutions were permitted. The eightresidue set, and all seven-residue (8 combinations), six-residue (28 combinations), five-residue (56 combinations), four-residue (70 combinations), and three-residue (56 combinations) subsets were systematically assessed. This procedure mimics the properties of a sequence-based search which permits insertions and deletions with respect to a given sequence motif.
Accession numbers
The coordinates for FhuA-DL41-LPS-ferricrocin and FhuA-AW140-LPS were submitted to the PDB with accession codes 1qff and 1qfg, respectively.
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